Insect diuretic hormones are crucial for control of water balance. We isolated from the cockroach Diploptera punctata two diuretic hormones (DH), Dippu-DH31 and Dippu-DH46, which increase cAMP production and fluid secretion in Malpighian tubules of several insect species. Dippu-DH 31 and -DH46 contain 31 and 46 amino acids, respectively. Dippu-DH46 belongs to the corticotropin-releasing factor (CRF)-like insect DH family, whereas Dippu-DH 31 has little sequence similarity to the CRF-like DH, but is similar to the calcitonin family. Dippu-DH46 and -DH31 have synergistic effects in D. punctata but have only additive effects in Locusta migratoria. Dippu-DH31 represents a distinct type of insect DH with actions that differ from those of previously identified insect peptides with diuretic activity.
I
n insects, urine production by the Malpighian tubules (Mt) is driven by hormonally controlled active transport processes, rather than by ultrafiltration, as in vertebrates. There are several families of insect diuretic peptides, including myokinins, which increase urine production by elevating intracellular Ca 2ϩ (1, 2) , and the ''corticotropin-releasing factor (CRF)-like'' diuretic hormones (DH), which act via cAMP (3) . CRF-like DH have been identified from eight species in five insect orders (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) ; they are similar to the sauvagine͞CRF͞urotensin I͞urocortin family of vertebrate peptides.
For some years, only Manduca sexta was known to possess two CRF-like DH, Manse-DH (4) and Manse-DPII (9) . Manse-DPII is shorter (30 residues) than other known DH and has lower sequence similarity with other DH than does Manse-DH. However, in 1998, we identified a second DH from Tenebrio molitor, termed Tenmo-DH 47 (12) to distinguish this peptide from the known Tenmo-DH 37 (11) . More recently we identified two DH from Hyles lineata (a sphingid moth closely related to M. sexta), Hylli-DH 30 and Hylli-DH 41 , which each differ at only one residue from their M. sexta counterparts. Thus, in at least three insect species, two DH exist. The extent of sequence similarity between these ''long'' and ''short'' DH indicates that they belong to the same peptide family. However, they are most likely paralogous sequences (arising from a gene duplication event), as is the case for fish CRF and urotensin I. The lower potency of Tenmo-DH 47 vs. Tenmo-DH 37 (12) suggests for it a somewhat different role, just as urocortin, an orthologue of urotensin I (15) , has effects that differ in vivo from those of CRF (16, 17) .
We now report the identification of two DH from brain and corpora cardiaca (CC) of the Pacific beetle cockroach (Diploptera punctata), one of which (Dippu-DH 31 ) is a peptide with biological properties that differ from those of the CRF-like DH.
Materials and Methods
Insects. D. punctata were maintained as described previously (18) . Brains and CC were dissected from adult males 2-10 days old. For bioassays, newly emerged adult males were isolated from the colony, and Mt were dissected (day 0). The M. sexta colony was reared essentially as described by Yamamoto (19) . Newly emerged adult males (0-4 hr posteclosion) were chilled on ice for 15 min before dissection of Mt. Schistocerca americana were reared at 28°C on romaine lettuce with a 14-hr light͞10-hr dark photoperiod. Locusta migratoria, taken from a colony at Birkbeck College, were reared under identical conditions but were fed fresh germinated wheat, with water provided ad libitum. The Mt were removed from decapitated 7-to 14-day-old adult female locusts.
Extraction of Brains and CC. Brain͞CC complexes (1,040) were extracted as described earlier (11) , but the solvent was methanol containing 9.9% CH 3 CO 2 H, 0.1% (vol͞vol) 2-(methylthio)ethanol, 20 mM H 2 SO 4 , 0.1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride, 0.01 mM pepstatin A, and 1.5 mg BSA. The mixture was additionally sonicated (5 min, 4°C). The supernatants from the extraction (11) were evaporated to half their volume and diluted with 200 ml of 0.1% trifluoroacetic acid (TFA).
Peptide Isolation. Extracts were purified by step elution with 0.1% TFA, 20% CH 3 CN͞0.1% TFA, 45% CH 3 CN͞0.1% TFA, and 60% CH 3 CN͞0.1% TFA through 5 g of Vydac (Hesperia, CA) C 4 reversed-phase packing material (11) . To each fraction eluted, 5 mg of BSA was added. Bioassays with Mt of M. sexta and S. americana revealed that diuretic activity, as determined by secretion of cAMP, was confined to a fraction eluted with 45% (vol͞vol) acetonitrile͞0.1% TFA. This solution was diluted with water, loaded onto a Vydac C 18 RP-HPLC column, and eluted as given in the legend to Fig. 1 . Fractions A and B were separately diluted with water and injected onto a Polymer Laboratories (Amherst, MA) PLRP-S (5 m, 100 Å, 2.1 mm ϫ 150 mm) column eluted at 200 l͞min with a gradient of acetonitrile (4 -61%) in 0.1% TFA. After locating active fractions A and B, these were separately purified on a Reliasil (Column Engineering, Ontario, CA) C 18 column (5 m, 300 Å, 1.0 mm ϫ 150 mm) eluted at 50 l͞min with a gradient of acetonitrile (4 -61%) in 0.1% TFA.
with a Finnigan-MAT (San Jose, CA) SSQ-710 mass spectrometer with Analytica (Branford, CT) electrospray source. Automated Edman degradation was performed with a Porton Instruments (Tarzana, CA) PI 2090 sequencer, a PE Biosystems (Foster City, CA) 494HT sequencer, or a Hewlett-Packard G1005A sequencer. Purified Dippu-DH 31 (Ϸ150 pmol) and -DH 46 (Ϸ100 pmol) were digested with lysyl endopeptidase (Wako BioProducts, Richmond, VA) and endoproteinase Asp-N (Boehringer Mannheim), respectively, and fractionated by RP-HPLC, and fragments were analyzed by electrospray ionization-MS. The C-terminal amide functionality was determined from the M r 721.3 Ϯ 0.1 fragment (DFLESI-NH 2 , from Dippu-DH 46 ) and the 1341.1 Ϯ 0.1 fragment (HLMGLAAANYAGGP-NH 2 , from Dippu-DH 31 ), which agree with the calculated M r of the amidated forms (721.35 and 1340.65, respectively); the masses of the C-terminal free acid forms are 0.98 atomic mass unit higher. Both putative DH were synthesized by using a PE Biosystems model 431A synthesizer using fluorenylmethoxycarbonyl protocols as reported (12, 20) .
Bioassay for Isolation. Samples containing 1-2 head equivalents were taken for in vitro (6) assays with Mt from M. sexta and S. americana. BSA (50 g) was added to avoid loss of peptides. Aliquots were dried (vacuum centrifuge) and redissolved in 400 l of saline (21) containing 0.5 mM 3-isobutyl-1-methylxanthine to inhibit phosphodiesterases. Batches of 10 Mt pieces (each Ϸ0.5 cm long) from S. americana or a single Mt fragment (Ϸ1.0 cm) from M. sexta were added to 100-l aliquots and incubated for 1 h. The cAMP released into 50 l of medium was quantified as described (12) .
Bioassay for Physiological Studies. Ramsay assays (22) were conducted with modifications. For L. migratoria, complete details have been described elsewhere (23) . Diuretic activity was calculated as the difference between fluid secretion rates (⌬ nl͞min) measured before and after the addition of stimulants to the bathing fluid, with each tubule serving as its own control. To reduce between-assay variability when constructing doseresponse curves, peptides were tested alongside control tubules stimulated maximally with 50 nM Locmi-DH, and results were expressed as a percentage of the maximal rate of secretion achieved by using Locmi-DH. All experiments were performed at 22°C Ϯ 3°C. In contrast, for D. punctata, diuretic activity was calculated as the difference between fluid secretion rates (nl͞min) measured before and after the addition of stimulants to the bathing fluid and is expressed as the percentage stimulation, with each tubule serving as its own control. All experiments were performed at room temperature.
Measurement of Urine K ؉ and Na ؉ Concentrations. Monovalent cation concentrations were measured by using a modified Corning flame photometer (model 410) as described (24) . Urine K ϩ concentrations were measured in samples of about 15 nl, whereas samples of about 100 nl were needed for Na ϩ measurements. For unstimulated tubules, urine samples from 4-6 tubules were pooled for the measurement of Na ϩ and K ϩ , but at high urine flow rates, both parameters could be measured on samples from 1 or 2 tubules.
Results
Isolation and Identification of the Peptides. We measured DH activity in extracts by following cAMP secreted by isolated Mt from adult S. americana and from adult male M. sexta (0 to 4 hr posteclosion). The secretion of cAMP by insect Mt is well known and permits rapid assay for biological activity.
Frozen brains and CC dissected from Ϸ1,000 of the D. punctata adult males were extracted and purified by solid phase extraction using C 4 silica packing, followed by RP-HPLC (11) . Two fractions, A and B, (Fig. 1 ) stimulated cAMP production in Mt of S. americana. The level of cAMP released by Mt of M. sexta was elevated only by factor B. The Mt of M. sexta were more sensitive to factor B than those of S. americana; accordingly, we used M. sexta for bioassay of factor B in subsequent purifications. For factor A, Mt of S. americana were used. Active factors A and B were purified by using two more RP-HPLC separations; Ϸ0.5 nmol of each DH was obtained in pure form from 1,000 D. punctata brain and CC.
Electrospray ionization mass spectrometry showed DH from A and B to have M r of 2,987.0 Ϯ 0.2 and 5,322.0 Ϯ 0.1, respectively. Edman microsequencing of intact peptides gave the complete sequence for factor B, but the C-terminal residue of factor A ''washed off'' in sequence analysis. We generated C-terminal fragments from both DH by digestion with specific proteases to generate smaller peptide fragments. These fragments were used to determine whether or not the C terminus was amidated and to identify the C-terminal amino acid of factor A. Mass spectral analysis of the two different C-terminal fragments yielded the following complete sequences: GLDLGLSRGF-SGSQAAKHLMGLAAANYAGGP-NH 2 and TGTGPSLS-IVNPLDVLRQRLLLEIARRRMRQTQNMIQANRDFLE- SI-NH 2 . We named these peptides D. punctata DH 31 (Dippu-DH 31 ) and -46 (Dippu-DH 46 ). Both peptides were synthesized for structural confirmation and bioassay. Patel et al. (25) have presented ''unequivocal evidence of a hormonal function'' for the CRF-like DH from L. migratoria (Locmi-DH, Fig. 2 , previously called Locusta DP). Although such evidence has not been explicitly provided for other members of the CRF-like DH, we feel justified in abbreviating these peptides as DH rather than DF (diuretic factor) or DP (diuretic peptide).
Dippu-DH 46 is readily recognized as a member of the CRFlike DH family, with 83% identity to Peram-DH and 72% identity to Locmi-DH. However, Dippu-DH 31 does not align with the CRF-like DH when the program CLUSTAL W is used. A BLAST search for sequence similarity revealed over 50 diverse proteins from a number of species with sequence identities from 15 to 8 of the 31 residues of Dippu-DH 31 , but found no peptide hormones. A manual search of the Peninsula Laboratories catalog of bioactive peptides revealed similarity to the sequence of calcitonin, in particular to the unusual Pro-amide C terminus. Therefore, we searched Swiss-Prot for calcitonin from a number of species and aligned the sequences with Dippu-DH 31 Synthetic Dippu-DH 31 stimulates cAMP production by Mt of S. americana in a dose-dependent manner (EC 50 ϭ 16 nM; maximal stimulation ϭ 20 pmol of cAMP per tubule segment). Locmi-DH has a maximal stimulation of Ϸ100 pmol of cAMP on S. americana tubule segments, but Manse-DH has no detectable activity on these tubules despite its higher similarity to Locmi-DH (Ϸ49% sequence identity) than to Dippu-DH 31 . The latter has only four residues in common with Locmi-DH in our alignment (Fig. 2 A) . Dippu-DH 31 has no effect on production of cAMP by Mt of M. sexta, although they are stimulated by all known insect CRF-related DH (3) except Tenmo-DH 37 and -DH 47 (11) , neither of which is amidated. 31 and -DH46. Synthetic Dippu-DH 31 and -DH 46 were tested for diuretic activity by using Mt from D. punctata. Both peptides stimulate fluid secretion in this species in a dose-dependent manner, with Dippu-DH 31 and -DH 46 having EC 50 values of 9.8 nM and 13 nM, respectively. However, the maximal response to Dippu-DH 31 is only 41% of that for Dippu-DH 46 (Fig. 3A) . Chicken calcitonin also stimulates secretion by D. punctata Mt in a dose-dependent manner (Fig. 3A) , with an apparent EC 50 of Ϸ380 nM, and a maximal stimulation perhaps higher than that of Dippu-DH 46 . However, these data had much more scatter than data for the other peptides, and a more limited range of concentrations was tested.
Biological Evaluation of the Synthetic DH: Fluid Secretion Assays.

Response of D. punctata Mt to Dippu-DH
A dose-response curve was determined for Dippu-DH 46 ( Fig.  4A ) with Mt exposed also to 1 nM Dippu-DH 31 (only Ϸ1͞10 of the EC 50 value); the EC 50 for Dippu-DH 46 when assayed together with Dippu-DH 31 decreased to 8.3 pM, Ϸ1000-fold lower than its EC 50 in Fig. 3A . Similarly, the dose-response curve for Dippu-DH 31 determined in the presence of 5 nM Dippu-DH 46 ( Fig. 4B ; a concentration roughly 1͞3 of its EC 50 value) gave a combined EC 50 value of 11 pM, again Ϸ1000-fold lower than its EC 50 in Fig. 3A . The total fluid secretion was in this case obviously higher than the summed secretion of the two peptides.
Response of L. migratoria Mt to Dippu-DH31 and -DH46. Although Mt of the orthopteran S. americana were used to monitor purification of Dippu-DH 31 , both this peptide and Dippu-DH 46 were tested for activity on Mt of the related orthopteran L. migratoria, a far more characterized bioassay (3). Dippu-DH 46 stimulated secretion maximally when compared with control tubules stimulated with Locmi-DH, and had an EC 50 of 110 nM (95% confidence limits: 82-148 nM; Fig. 3B ), a high concentration considering its 72% identity with Locmi-DH. On the other hand, Dippu-DH 31 gave only 50% maximal stimulation, but had an EC 50 of 0.56 nM (95% confidence limits: 0.51-0.64 nM; Fig. 3B ).
When tested together at a variety of concentrations from threshold to EC 50 , the activities of these two peptides were additive rather than synergistic (data not shown), a markedly different result from that obtained with D. punctata Mt. In certain of these experiments, urine samples were taken for analysis of monovalent cation concentrations. Consistent with stimulation of urine production, DH increase the rate of transport of K ϩ and Na ϩ into the tubule lumen, the driving force for fluid secretion. Dippu-DH 46 has a greater effect on the transport of Na ϩ than on K 
Assay of D. punctata DH with pharmacological stimulants in Mt
of L. migratoria. To investigate the second-messenger systems involved in the response to the D. punctata DH, they were tested separately in combination with thapsigargin, an inhibitor of the endoplasmic reticulum Ca 2ϩ -ATPase used to raise intracellular levels of calcium, and with 8-bromo-cAMP, a membranepermeant cAMP analogue. The effects of thapsigargin (1 M) and Dippu-DH 31 (0.5 nM) were additive (Fig. 5A) , whereas the Ca 2ϩ -ATPase inhibitor acted cooperatively with Dippu-DH 46 (200 nM), the combined response being significantly greater than the sum of their separate activities (Fig. 5B) . In marked contrast, 8-bromo-cAMP (10 M) produced an additive effect when tested with Dippu-DH 46 (100 nM; Fig. 6B ), but acted synergistically with 0.5 nM Dippu-DH 31 as second messenger, and locustakinin (Locmi-K), a myokinin (1), utilizes Ca 2ϩ as second messenger. They act synergistically in stimulating urine production (24) . Dippu-DH 31 and -DH 46 were tested in combination with one or the other of the L. migratoria peptides. The results are presented in Figs. 7 and 8 . Dippu-DH 31 acts synergistically with both Locmi-K (Fig. 7A) and Locmi-DH (Fig. 8A) . On the other hand, Dippu-DH 46 synergizes the effect of Locmi-K (Fig. 7B) , but has no effect on the response to Locmi-DH (Fig. 8B) .
Discussion
The sequences of Dippu-DH 31 and -DH 46 are remarkably different. Amino acid sequences of known insect CRF-like DH, plus sauvagine, urotensin I, urocortin, and CRF are shown in Fig.  2 A. In this alignment, Dippu-DH 46 is clearly a member of the CRF-related DH with high (83%) sequence identity to another cockroach DH, Peram-DP. However, Dippu-DH 31 has very low similarity to other DH: only five residues are identical to those in Dippu-DH 46 (Fig. 2 A) , and the C termini do not align. In the alignment shown in Fig. 2B , Dippu-DH 31 has higher sequence identity to calcitonin (six residues identical with chicken and eel calcitonin, 19% sequence identity) than to any member of the CRF-like DH family of peptides. Dippu-DH 31 lacks the disulfide bond between C-1 and C-7 of calcitonin; however, this disulfide ring is not important for biological activity of salmon calcitonin (27, 28) . Moreover, we found chicken calcitonin to stimulate fluid flow in D. punctata Mt with EC 50 of 380 nM (Fig. 3A) , Ϸ40 times less potent than Dippu-DH 31 , further strengthening the identity of Dippu-DH 31 as a calcitonin-like peptide.
Dippu-DH 31 and -DH 46 stimulate cAMP production in Mt, an action characteristic of both ''long'' and ''short'' CRF-like DH. However, in the fluid secretion assays, there was a clear distinction between the actions of the two DH, lending support to the contention that Dippu-DH 31 is not a CRF-like DH family member.
Dippu-DH 46 and Locmi-DH share 72% sequence identity and are identical in the region encompassing residues 7-11, previously implicated in signal transduction (29) . Dippu-DH 46 stimulates fluid secretion to the same extent as Locmi-DH in the locust diuretic assay, but the observed difference in EC 50 value is high: this difference is consistent with the previously documented specificity of the L. migratoria receptor for binding (3) . Dippu-DH 46 and Locmi-DH differ most profoundly in a short region encompassing residues 29-35 (5 of the 6 residues differ). This region is a hypervariable region in the sequences of insect CRF-like DH and is believed to represent a loop region (30) . The hypervariable region has little effect on the crossreactivity of the M. sexta DH receptor (3, 31) (21) . The action of Culex salinarius-DP, or CCRF-DP, on Mt of a different mosquito species, Aedes aegypti, seems to constitute a different paradigm; at 1 nM concentration, it stimulates a paracellular Cl Ϫ conductance, whereas at 100 nM it stimulates transcellular active Na ϩ transport, together with passive Cl Ϫ conductance (13, 32) . This paradigm may reflect a mechanistic difference between the CRF-like DH in phytophagous vs. hematophagous insects. Interestingly, the effect of CCRF-DP at nanomolar levels is characteristic of the actions of the kinins, which elevate intracellular Ca 2ϩ , whereas its actions at 100 nM are mimicked by dibutyryl-cAMP, typical of the other CRF-like DH.
Both Dippu-DH 31 and -DH 46 were isolated by monitoring elevation of secreted cAMP, but with synthetic replicates, both were characterized by using Ramsay assays, which test for actual diuretic activity. Assays were performed using Mt from both D. punctata and L. migratoria. Assays with cockroach tubules are extremely difficult, which is reflected in the higher SEM values seen in Fig. 3A (D. punctata) than in Fig. 3B (L. migratoria) . We performed most studies on the actions of the two factors with L. migratoria Mt, because of the higher reproducibility of this assay and because Mt of S. americana were used for isolating Dippu-DH 31 . Dippu-DH 31 increases fluid secretion by Ͻ50% of the response obtained with Dippu-DH 46 in Ramsay assays with both L. migratoria and D. punctata Mt. The two peptides are about equipotent (EC 50 ) on cockroach Mt, but, on locust Mt, Dippu-DH 31 is Ͼ200 times more potent than Dippu-DH 46 . The potency of Dippu-DH 31 on locust Mt is consistent with the use of grasshopper (S. americana) Mt for the isolation of Dippu-DH 31 , and suggests that orthopterans may use a similar DH as a circulating neurohormone. In marked contrast to the actions of Dippu-DH 46 , Dippu-DH 31 acts additively with thapsigargin and synergistically with cAMP, results identical to those obtained previously with Locmi-K and other myokinins, although it lacks the characteristic C-terminal motif (FXXWG-NH 2 ) of that peptide family. Moreover, in common with Locmi-K, Dippu-DH 31 ] ratio unchanged, as previously reported for Locmi-K and very different from the effect of CRF-like DH (see above). The differing molecular action would account for differences in the effects of Dippu-DH 31 and -DH 46 in the diuretic assays, and for their synergistic actions on D. punctata Mt. The synergistic effects of Dippu-DH 31 and Locmi-K in the L. migratoria bioassay are harder to rationalize. In this context, it is noteworthy that Dippu-DH 31 stimulates cAMP production in grasshopper Mt, the bioassay used for its isolation, whereas Locmi-K has no effect on this second messenger pathway.
To account for the apparent paradox between the elevation by Dippu-DH 31 of cAMP in second messenger assays vs. its apparent action via Ca 2ϩ in the fluid secretion assays, it is significant that several peptide hormones, including pituitary adenylyl cyclase activating peptide (PACAP) (33) (34) (35) (36) , calcitonin (37) (38) (39) , and adipokinetic hormone (40) , can elevate both the adenylyl cyclase and phosphoinositide pathways in their target tissues. Cell lines expressing a single, defined, recombinant calcitonin receptor show elevation of both cytosolic cAMP and Ca 2ϩ upon ligand binding (38, 39) . Furthermore, calcitonin has been shown to have cell cycle-specific effects in porcine kidney cells (LLC-PK1), elevating intracellular cAMP during the G 1 phase, but activating the protein kinase C pathway in the S phase (37) .
In conclusion, we have identified two DH from D. punctata that differ both in their sequences and in their mode of action. Dippu-DH 46 is clearly a CRF-like DH and, like other peptides of this family, acts via a cAMP-dependent mechanism to stimulate cation (mainly Na ϩ ) transport. On the other hand, Dippu-DH 31 appears to be a different type of peptide, more similar to vertebrate calcitonin than to CRF-like DH. Dippu-DH 31 no doubt acts at receptors separate from those responding to Dippu-DH 46 and appears to stimulate fluid secretion by a Ca 2ϩ -dependent mechanism.
Note. The Drosophila melanogaster genome (42) encodes a peptide (TVDFGLARGYSGTQEAKHRMGLAAANFAGGP-NH2) that is 71% identical with Dippu-DH31, 87% if allowing for conservative substitutions. The sequence is preceded and followed by proper processing sites. Laenen (43) partially sequenced a putative diuretic peptide from the ant Formica polyctena. This peptide is identical with Dippu-DH31 in its 29 N-terminal residues, but the molecular mass is lower by 28 Da, showing it has a different C terminus. It would appear, therefore, that calcitonin-like DH are widespread in the Insecta.
